This paper considers a business model that involves two layers in the telecommunications capacity market: wholesaler and retailer. It introduces a new reliability measure to benefit network retailers. Unlike previously proposed measures, the measure considers further service degradations once the network is disconnected. This measure can be used, in principle, by the network retailer to select an optimal set of paths in order to achieve a desired compromise between cost and reliability.
INTRODUCTION
We consider a business model related to the telecommunications capacity market that involves two layers, which we call a wholesaler and a retailer. We assume that a telecommunication network wholesaler leases out end-to-end legal paths. We define legal paths as predefined end-to-end routes between origin and destination (OD) pairs. What we call a legal path may have many applications, and may appear in many forms. A legal path may be a lightpath in a WDM (Wavelength-Division Multiplexing) [1] optical network. Alternatively, It can also be a leased line or a simple end-to-end connection in a circuit-switching network, or a virtual circuit route in an ATM [2] network.
The retailer leases a set of legal paths to establish a reliable virtual network in order to provide its own customers with various telecommunications services. The customers of the retailer can be internal or external. For example, the retailer can be an enterprise that its customers are various divisions within the enterprise, or it can be a separate business that leases out capacity to various customers. The end-to-end traffic demands of the retailer' s customers, details of quality of service (QoS) requirements, including service level agreements (SLA) [3] , the revenue associated with these demands, and the cost of each legal path set (LPS) are assumed to be known to the retailer. This paper aims to provide means to help the retailer to optimize its operation. In particular, the paper focuses on provision of a network reliability measure [4] as a function of an LPS, end-to-end traffic demands and their associated revenues. Having such a measure and knowing the cost of each LPS, the retailer is able to choose the right LPS based on the SLAs it has with its customers.
The so-called reliability polynomial [5, 6] is very well known and it is widely used in industry to evaluate the reliability of a network topology. The reliability polynomial provides the probability that the network is connected. It does not distinguish between a case whereby a small village is disconnected from the network and a case whereby a major city is disconnected from the network. In other words, by being concerned only with the probability that a network is connected, it does not take into account the different cost of service degradation related to different scenarios once the network is disconnected. In this paper, we consider the different penalty associated with different disconnectivity scenarios, and propose a new measure that takes such penalties into account. As in the previous reliability polynomial model, we limit ourselves to cases that involve only link failures. We do not specifically consider node failures in this paper. However, a node failure can still be considered using our model by assuming that a node failure is equivalent to the event where all links adjacent to the node fail.
THE NEW RELIABILITY MEASURE
Let G= G(V,E) be the graph representing a wholesaler's physical network, where V represents the set of nodes and E represents the set of physical links. We use the notation G G(N,L) for the graph representing the retailer' s virtual network, where N represents the set of nodes ( N ç V ) and L represents the set of logical links in this retailer's virtual network.
An LPS is said to create a virtual network called LI if all the end nodes in the LPS are the nodes of LI , and the endto-end paths in the LPS define the links in A, i.e., there is a mapping between the pair of endpoints of each link in and the pair of endpoints of an end-to-end path in the LPS. In should be made clear that there are possibly many LSPs that create a given virtual network LI.
Let S = G(V,U) be a sub graph of = G(V,E) , where U cE. Notice that the set of vertices, V. in S is equal to the set of vertices in G. We call S a working subset of if all the links in S are working and all the links in G that are not in S fail. Each working subset S corresponds to a link (or links) failure scenario. So a legal path in G. may not be legal in S; in other words, some of the links in a legal path in G may fail and will not be included in S.
We will use the notation R for any LPS that creates the retailer' s network Gr.
As mentioned above, there are possibly many LPSs that create Gr. For any LPS R that creates the retailer's network G and for any S (a working subset of let R5 be the set of all legal paths in R each of which is also a legal path in S.
Let A be a set of all working subsets of G,. such that for all S E A, and any LPS R that creates the retailer's network Gr, the virtual network created by R5 is the retailer' s virtual network. Then, the reliability polynomial [5, 6] of the retailer's network Gr, as a function of R, is defined by
SEA where P(S) is the probability that all the links in S are working and all the links in G that are not in S arefailed.
Let B be a set of all working subsets of G such that the virtual network created by R5 is a strict subset of the retailer' s virtual network.
This previously proposed reliability measure was only defined for elements of the set A, i.e., cases where the retailer's network is fully connected. In this paper, we consider also the elements of B, namely, cases in which the retailer's virtual network is only partially connected. This is important because the penalty related to different disconnectivity scenarios is often different. That is, different elements in B can correspond to different penalties.
We propose here a new reliability measure that takes into account the different cost of service degradation related to different scenarios once the network is disconnected. We associate a reward value with every working subset S and legal path set R to quantify the service degradation effect. If S E A, i.e., retailer's network G is fully connected, the reward value is designated by c5 (R, S), otherwise, the reward value is c5, (R, S). The latter indicates monetary implication of service degradation for each legal path set R and working subset S. The new network reliability measure for Gr, as a function of R, is then defined by P*(R)= 8f(R,S)P(S)+ >8(R,S)P(S). Fig. 2(a) shows all of the two legal paths between OD pair (1,2). In Fig 2(a) , one path traverses link (1,2), another path uses both link (1,3) and link (2, 3) . There are total 6 legal paths between the three OD pairs (1,2), (2,3) and (1, 3) . The combination of these six legal paths can lead to 27 different possible legal path sets to create the above retailer' s network G,. because there are eight possibilities to have one legal path between any two adjacent nodes, 12 possibilities for two pairs of adjacent nodes to have one legal path, and one legal path between the remainder pair, eight possibilities for two pairs of adjacent nodes to have two legal paths, and two legal paths between the remainder pair, and one possibility to have two legal paths for all three pairs of adjacent nodes. These 27 legal path sets are denoted as LPS 1, LPS 2, LPS 3,... LPS 27. The numbering of these LPSs could be arbitrary, however, in this example we number them in descending order of their reliability measure values, as will be shown in Fig. 7 below for the case n = 1. Some of the possible legal path sets are shown in Fig. 3 . P,(XR,SY, n O. (5) As for S E A , the value of XR,S is equal to one, let us set ó (R, 5) to be equal to 1. Notice that this definition is consistent with that of 5 (R, 5) in Equation (5).
Furthermore, we assume that the cost of each legal path set is proportional to the number of physical links it uses.
RESULTS AND DISCUSSION
We will now demonstrate the difference between the new reliability measure and the old reliability measure (based on reliability polynomial) by varying link failure probability p. Results of reliability measure under smaller link failure probabilities are shown in Fig. 6 . We can observe that when p decreases to 0.0001, the values of the reliability measure for different legal path sets have smaller differences. This is because here we use a simple exaple network, the probability of working subset (network failure scenarios) have smaller difference under such small link failure probability. Also, we can find that this new reliability measure is more effective in the situation of higher link failure probability. To be conservative, network retailer may consider p values to be on the high end of the range estimates. In fact, changes in p values have dramatic affect on QoS. In Figures 7 and 8, we choose p=O.Ol as an example to illustrate the use of reward value in obtaining the reliability measure value. Fig. 7 shows values of the new reliability measure for each of the 27 legal path sets, using n as the parameter introduced in (5). For comparison, the value of the old reliability measure is also shown in Fig. 7 . Note that, the new reliability measure, defined in (2) includes two parts. The first part is related to full connectivity, and the second part is related to partial connectivity. In this sense, the reward values of 5,. (R,S) and 5 (R, S) also serve as scaling factors between these two parts of the definition. In this example, we change n to adjust the weight of the second part of the new reliability measure. With n increase, the value of 5, (R, S) decreases, so the new reliability measure approaches the measure of full connectivity, i.e., the old reliability value. The choice of appropriate n and 5 p (R, S) depends on the customer' s requirements, i.e., to what extent the customer would suffer from partial connectivity. Fig. 7 also shows that for the given example, some LPSs have a higher sensitivity to reward function (R, S) than others. It can be seen in Fig. 7 that for different value of n, the reliability associated to LPS 12 changes much rapidly than that of LPS 7. This sensitivity depends on the topology of G and G,. and the definition of reward value, the latter relates to the retailer's QoS requirements. 8 shows that based on the old reliability measure, LPS 10 has the same reliability measure value and cost value as LPS 4. In Fig. 3(d) , there are two separate paths between OD pair (2,3) and only one path between each of the other two OD pairs. So, connection between OD pair (2,3) is more reliable than others. While in Fig. 3(e) , we see that the connection between OD pair (1,2) is more reliable. In our example, we have assumed that OD pair (2,3) has a higher connection importance level than OD pair (1,2). As a result, the new reliability measure shows that the virtual network created by LPS 4 is more reliable than the one created by LPS 10 under the given connection importance level, which may be quantified using the customer's QoS requirements and the relevant SLAs. This is an important point taken into consideration by the new reliability measure.
Note that the aim of this paper has been to point out the effect of considering further service degradation in the case of disconnected network. The problem of finding an optimal algorithm to compute the measure and its related complexity issues are definitely non-trivial, but they are beyond the scope of this paper. 
CONCLUSION
In this paper, we have proposed a new reliability measure for telecommunication networks. The proposed new measure takes into account different service degradation effects once the network is disconnected.
We have provided a small example to demonstrate some implications of the new reliability measure. Application of this proposed new definition for network of realistic size, is a non-trivial problem and it is beyond the scope of this paper.
